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Abstract: Photocatalytic water treatment using nanocrystalline titanium dioxide (NTO) is 

a well-known advanced oxidation process (AOP) for environmental remediation. With the 

in situ generation of electron-hole pairs upon irradiation with light, NTO can mineralize a 

wide range of organic compounds into harmless end products such as carbon dioxide, 

water, and inorganic ions. Photocatalytic degradation kinetics of pollutants by NTO is a 

topic of debate and the mostly reporting Langmuir-Hinshelwood kinetics must 

accompanied with proper experimental evidences. Different NTO morphologies or surface 

treatments on NTO can increase the photocatalytic efficiency in degradation reactions. 

Wisely designed photocatalytic reactors can decrease energy consumption or can avoid 

post-separation stages in photocatalytic water treatment processes. Doping NTO with 

metals or non-metals can reduce the band gap of the doped catalyst, enabling light 

absorption in the visible region. Coupling NTO photocatalysis with other water-treatment 

technologies can be more beneficial, especially in large-scale treatments. This review 

describes recent developments in the field of photocatalytic water treatment using NTO. 

Keywords: titanium dioxide; advanced oxidation process; photocatalysis; water treatment; 

degradation; Langmuir-Hinshelwood kinetics; photocatalytic reactor; doping 
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1. Introduction 

Realizing the importance of keeping our planet clean, researchers are actively working for eco-friendly 

alternative technologies for all areas of daily life. Sustainable energy production and pollutant 

destruction are two of the areas in which intense research is being carried out. Semiconductor-mediated 

photocatalysis is a well-established technique for pollutant degradation and hydrogen (clean fuel) 

production by water splitting. Photocatalysis can be defined as a “catalytic reaction involving the 

production of a catalyst by absorption of light” [1]. The appropriate positioning of valence (VB) and 

conduction (CB) bands in semiconductors (Figure 1a) makes them suitable materials for the absorption 

of light and photocatalytic action. Nanocrystalline titanium dioxide (NTO) is a multifunctional 

semiconductor photocatalyst that can be an energy catalyst (in water splitting to produce hydrogen 

fuel), an environmental catalyst (in water and air purification), or an electron transport medium in  

dye-sensitized solar cells (Figure 1b) [2–5]. Compared to other available semiconductor photocatalysts, 

NTO is unique in its chemical and biological inertness, photostability (i.e., not prone to photoanodic 

corrosion), and low cost of production [6]. Photocatalytic water and air purification using NTO is a 

predominant advanced oxidation process (AOP) because of its efficiency and eco-friendliness. 

Homogeneous photo-Fenton technique is another efficient AOP for the oxidation of water 

contaminants [7,8]. However, the photo-Fenton process requires the use of ferrous sulfate (FeSO4) and 

hydrogen peroxide (H2O2). For example, in the photo-Fenton oxidation of catechol, H2O2 (2000 mg L
−1

) 

and FeSO4 (500 mg L
−1

) were used in the experiment that reported the highest activity [7]. In contrast, 

NTO photocatalysis may not require any additional reagents beyond the NTO catalyst.  

Figure 1. (a) VB and CB positions in metals, semiconductors, and insulators; (b) Tree 

diagram showing applications of TiO2. 

 

The spectrum of compounds that are susceptible to the destructive power of NTO photocatalysis is 

remarkable, comprising families of dyes, pesticides, herbicides, pharmaceuticals, cosmetics, phenolic 

compounds, toxins, and more. Recent examples of compounds photocatalytically degraded by NTO 
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are given in Table 1. It is obvious from the table that researchers are focused on the photocatalytic 

degradation of real pollutant systems, such as cosmetics and pharmaceutical wastewaters [9,10], paper 

mill wastewater [11], grey water [12], and municipal wastewater [13]. Cheaper sources of TiO2, such 

as bulk-synthesized TiO2 pigment [14] and iron-containing industrial TiO2 by-products [15], have been 

explored for the photocatalytic degradation of phenol and humic acids. Interestingly, their activities 

were found to be comparable with those of the commercially available Degussa P25 TiO2 

photocatalyst, the benchmark TiO2 photocatalyst for all applications. A report by Kim et al. describes 

the successful, elegant, and simultaneous use of NTO as both an energy and an environmental 

photocatalyst [16]. Their surface-fluorinated and -platinized NTO catalyst generated hydrogen gas 

when degrading 4-chlorophenol and bisphenol compounds. The selective degradation of contaminants 

is another promising area in photocatalytic water treatment. Selective degradation could be useful for 

mixtures of highly toxic pollutants in low concentrations and less harmful compounds in higher 

concentrations [17,18]. The former can be degraded by means of NTO photocatalysis, whereas the 

latter can be removed by less-expensive biological wastewater treatments [18]. In addition, valuable 

compounds must be recovered from wastewater; selective photocatalysis can be a useful tool. 

Recently, one of the authors reported the complete selective degradation of methyl orange and 

methylene blue dyes by base-modified nanocrystalline anatase (the most active form of TiO2) 

photocatalysts [19]. Among the two sol-gel-derived anatase photocatalysts, TSC60, with positive 

surface charge, selectively adsorbed and degraded the anionic dye methyl orange. In contrast, the 

second catalyst, TAH60, with negative surface charge, showed selective adsorption of the cationic dye 

methylene blue, followed by its degradation, from an aqueous mixture containing methyl orange and 

methylene blue dyes. 

2. Mechanism and Kinetics 

Photocatalytic destruction of pollutants in aqueous solutions using NTO is facilitated mainly by a 

series of hydroxylation reactions initiated by hydroxyl radicals (·OH) [20–26]. Possible modes of ·OH 

generation during NTO photocatalysis are shown in Figure 2. Upon UV light illumination, electron-hole 

pairs are formed in the NTO semiconductor photocatalyst. Holes are positive charges, which when in 

contact with water molecules, produce ·OH and H
+
 ions. Electrons react with dissolved oxygen to form 

superoxide ions (O2
−
·), which react with water molecules to produce hydroxide ions (OH

−
) and 

peroxide radicals (·OOH). Peroxide radicals combine with H
+
 ions to form ·OH and OH

−
, and holes 

oxidize OH
−
 to ·OH. Thus, all species eventually facilitate the formation of ·OH, and these radicals 

attack the pollutants present in the aqueous solution. 

Medanna et al. reported [20] the formation of 51 stable intermediates in the photocatalytic 

degradation of the mosquito repellent N,N-diethyl-m-toluamide (DEET) using titanium dioxide under 

simulated solar light. Using a technique that coupled high-performance liquid chromatography with 

high-resolution mass spectrometry, they also identified several isomeric species. The degradation of 

DEET began with ·OH-mediated mono- and polyhydroxylation reactions, followed by the oxidation 

and ring-opening reactions of intermediates. All the identified intermediates underwent complete 

mineralization after 4 h irradiation. The ·OH-initiated photocatalytic oxidation of quinolones [21], i.e., 

flumequine and nalidixic acid, using NTO under solar light passed through fourteen stable 
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intermediates that were identified using liquid chromatography-time of flight-mass spectrometry. In 

another example, five hydroxylated intermediates (Scheme 1a) were identified in the degradation of a 

pesticide, carbofuran [22]. The role of ·OH in the initiation of this photocatalytic degradation was 

confirmed by the knowledge of carbofuran adsorption on P25 catalyst and by conduction of the 

experiments using a non-aqueous solvent, acetonitrile. Carbofuran showed a negligible adsorption 

(~1%) on Degussa P25 TiO2 catalyst. The absence of adsorption eliminates the possibility of the direct 

oxidation of carbofuran by surface-generated holes [22], which is considered to be a minor secondary 

reaction in NTO photocatalytic degradation [25,26] on TiO2 catalysts under UV illumination. When 

this experiment was conducted in the non-aqueous solvent, acetonitrile, total inhibition of carbofuran 

degradation was observed [22], due to the low production of ·OH in acetonitrile. These findings show 

that the photocatalytic degradation of aqueous pollutants is initiated mainly by ·OH attack. However, 

An et al. reported [25] secondary mechanistic pathways for the photocatalytic degradation of the 

antivirus drug lamivudine by UV-irradiated NTO. These secondary pathways originated from 

photogenerated holes on NTO, which caused the initial oxidation of the lamivudine adsorbed on the 

NTO surface (Scheme 1b). It is important to note that these secondary degradation pathways initiated 

by photogenerated holes were minor side reactions; the major degradation pathway of lamivudine was 

through ·OH attack. 

Table 1. Recent examples of pollutants photocatalytically degraded by NTO.  

Contaminant Photocatalytic system Ref. 

Dyes   

Reactive violet 5 UV/Anatase powder (Sigma Aldrich)

  

[27] 

Blue 9, Red 51& Yellow 23  Solar/TiO2 (Degussa P25) [28] 

Methyl orange UV/TiO2 on glass [29] 

Methylene blue UV/TiO2 (Merck) on volcanic ash [30] 

Rhodamine B UV/TiO2 bilayer [31] 

Pesticides & herbicides   

Organophosphate & 

 Phosphonoglycine 

UV/TiO2 immobilized on silica gel [32] 

Azimsulfuron UV/TiO2 coated on glass rings [33] 

Swep residues Simulated sunlight/TiO2 (Degussa P25) [34] 

Pharmaceuticals & cosmetics Electrocoagulation & UV/TiO2/H2O2 [35] 

 UV/TiO2 (Aeroxide P25) [9,10,36] 

 TiO2/Fe3O4 & TiO2/SiO2/Fe3O4 [37] 

Benzylparaben UV/TiO2 (Degussa P25) [38] 

Drugs   

Oxolinic acid UV/TiO2 (Degussa P25) [39] 

Atenolol & propranolol UV/Commercial TiO2s [40] 

 Solar/TiO2 (six commercial samples)/H2O2 [41] 

Ciprofloxacin, ofloxacin, 

norfloxacin & enrofloxacin 

UV/TiO2 (Degussa P25) [42] 

 Simulated solar/TiO2 P25 [43] 

Lamivudine UV/TiO2 (Degussa P25) [25] 

Oxytetracycline UV/TiO2 (Degussa P25) [44] 
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Table 1. Cont. 

Others   

N,N-diethyl-m-toluamide 

(Insect repellent) 

UV/TiO2 (Degussa P25) [20,45] 

 

β-naphthol UV/TiO2-SiO2 [46] 

15 emerging contaminants Solar UV/TiO2 coated on glass spheres [47] 

Grey water UV/TiO2 (Aeroxide P25) [12] 

Microcystins (Cyanotoxin) UV/TiO2 film 

UV/Doped TiO2 

[48,49] 

[50] 

 UV/ Nitrogen doped TiO2 [51] 

Lipid vesicles & E. coli cells  UV/TiO2 (Degussa P25) [52]  

Bacterial colony  UV/TiO2 on titanium beads 

UV/TiO2-coated bio-film  

[53]  

[54] 

Paper mill wastewater Solar/TiO2 [11] 

Endocrine disrupting compounds UV/TiO2 (Degussa P25) [55] 

Municipal waste water Solar/sol-gel TiO2 & Degussa P25 [13] 

Contaminated soil Plasma/TiO2 ((Degussa P25) [56] 

Figure 2. Photocatalytic generation of hydroxyl radicals. 
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Scheme 1. Photocatalytic degradation pathways of (a) carbofuran and (b) lamivudine 

(Reproduced from [22] and [25] respectively, copyright (2011), with permission from Elsevier). 

 

 

The kinetics of the photocatalytic degradation of aqueous pollutants by NTO is still a subject of 

debate [57–59]. Several recent reports claim that it follows the Langmuir-Hinshelwood model (L-H 

model) of kinetics [21,22,25,26]. However, the validity of L-H model in photocatalytic degradation 

reactions could be a misconception or rather an easier way of interpretation [60]. Therefore reporting 

L-H model of kinetics in photocatalytic degradation without proper experimental evidences is dubious. 

The kinetic profile for the degradation of methylparaben, a bactericide and antimicrobial agent in 

personal care products, by NTO photocatalysis has been reported to follow the L-H model, where the 

rate expression can be shown as follows [26].  

 
(1) 

where r is the reaction rate, kLH is the apparent L-H rate constant, θ is the surface coverage of 

methylparaben, KL is the Langmuir adsorption constant, and Ceq is the equilibrium concentration. At 
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low concentrations of methylparaben,
 
KL Ceq (KL Ceq << 1) is negligible and Equation (1) becomes a 

pseudo-first-order rate expression [26], as denoted below.  

 
(2) 

Integrating Equation (2) 

 

(3) 

Equations (1)–(3) account for the adsorption of the reactant (methylparaben) only but do not consider 

the adsorption on NTO of any intermediates or products formed during the course of the degradation 

reaction. When the adsorption of intermediates or products must be considered [21], a modified rate 

equation results, as shown below.  

 

(4) 

where Ki and Ci are the adsorption constant and concentration of intermediates at any given time, 

respectively. When the initial concentration of pollutants is very low, 1 + KL Ceq + 
=1

n

i  is negligible 

and the reaction follows pseudo-first-order kinetics, as shown in Equations (2) and (3).  

Sirtori et al. have reported that the photocatalytic degradation by NTO follows L-H kinetics at low 

pollutant concentrations and below the catalyst saturation level [21]. It deviates from the pseudo-first-order 

kinetics under several conditions. The NTO catalyst concentration and the light flux have been found 

to influence the degradation kinetics of methylparaben [26]. According to the L-H model, the 

photocatalytic degradation rate of methylparaben should increase with an increase in the NTO catalyst 

loading because of the additional available active sites (θ) for adsorption. This was observed up to a 

certain catalyst loading (catalyst saturation), but above that limit, the experimental kinetics results did 

not fit the L-H model [26]. This was mainly ascribed to three reasons: at higher NTO loading, (i) 

deactivation of activated NTO could occur upon collision with ground state NTO catalysts, (ii) there is 

a higher possibility of agglomeration and sedimentation of NTO, and (iii) there is decreased light 

penetration through the reaction medium. UV light flux has been found to be an important influence on 

the degradation kinetics of methylparaben in aqueous medium [26]. At low UV light flux (1.2 × 10
15

 

photons s
−1

 cm
−2

 < Ф < 4.0 × 10
15

 photons s
−1

 cm
−2

), methylparaben degradation followed L-H kinetics, 

where electron-hole pairs mainly resulted in chemical reactions rather than recombination. However, at 

intermediate UV light intensities (4.0 × 10
15

 photons s
−1

 cm
−2

 < Ф < 5.8 × 10
15

 photons s
−1

 cm
−2

), the 

methylparaben degradation rate varied as a functional order between zero and one. In this medium UV 

light region, the recombination of electron-hole pairs was predominant over degradation. The random 

selection of a particular concentration of the pollutant is not enough to study the dependence of rate on 

photon flow [60]. Concentration of the pollutant is also important as demonstrated by Serpone et al. [60] 

where the order of the photocatalytic reaction varied between zero (at low pollutant concentration) and 

one (at high pollutant concentration) in the same range of light irradiance. Therefore a complete study 

should focus on different concentrations of pollutant to know the dependence of light irradiance on the 

photocatalytic reaction rate.  
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Wang et al. posited a rate expression that was different from the conventional pseudo-first-order 

rate equation, to explain the kinetics of sulfosalicylic acid degradation in aqueous solution using  

NTO [57]. Their proposed rate equation considers factors such as the lifetime and concentration of 

·OH, pH, and adsorption of intermediates on NTO. The rate equation can be represented as follows.  

 

(5) 

 

(6) 

where, τ is the lifetime of ·OH and  k4 is the rate constant for the reaction of ·OH with the adsorbed 

pollutant on NTO. KQ and Ki are the adsorption equilibrium constants of sulfosalicylic acid and the 

intermediates, respectively, and Ceq and Ci are their equilibrium concentrations. Adsorption of the 

identified intermediates of sulfosalicylic acid degradation on NTO was found to be insignificant [57]; 

hence, Equation (5) can be simplified as 

 

(7) 

Integrating Equation (7), we get  

 
(8) 

 

(9) 

The order of the degradation reaction will then be determined by three different adsorption situations: 

(i) weak adsorption (KQ Ceq<< 1); (ii) medium adsorption (0.1< KQ Ceq < 10), and (iii) strong 

adsorption (KQ Ceq > 10) [57]. In the case of weak adsorption of the pollutant on NTO, Equation (8) 

reduces to the pseudo-first-order expression, as shown in Equation (3). Medium adsorption leads to 

Equation (8), which was observed in the case of sulfosalicylic acid degradation kinetics. In the case of 

strong adsorption, the rate is independent of KQ and adsorption does not affect the rate of the reaction; 

here, the reaction will follow a zero-order kinetic model and the rate expression becomes  

 
(10) 

Pace of photocatalytic degradation of a particular pollutant also depends on other factors such as 

alkalinity, and the presence of natural organic matter, [61] especially in real systems. Carbonate and 

bicarbonate ions, which are responsible for the alkalinity of water, have been found to decrease the rate 

of the photocatalytic degradation of microcystine-LR [61]. Also, the presence of humic acid and fulvic 

acid (natural organic matter) reduced the rate of microcystine-LR degradation [61].  
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3. Activity Enhancement 

Recent efforts to enhance the photocatalytic activity of NTO include the synthesis of mesoporous 

TiO2 [62–72], the use of different TiO2 morphologies (nanowires, nanotubes, and nanospheres) [73–76], 

reducing the agglomeration in NTO powders [77–79], and surface treatments of NTO [80–83]. 

Synthesis of mesoporous NTO is a means to achieve TiO2 photocatalysts with improved photocatalytic 

activities. Some of the recently reported mesoporous TiO2 photocatalysts exhibited superior 

photocatalytic activity than the bench mark Degussa P25 TiO2 photocatalyst. TiO2 photocatalysts with 

active {001} facets were derived hydrothermally by using ammonium fluoride [62] or mild sulfuric 

acid [63] capping agents and showed superior dye degradation activity in comparison with the Degussa 

P25. Mesoporous TiO2 catalysts synthesized by using F127 triblock copolymer [64], polystyrene [65], 

and silica [66] (through etching and recalcination method) have been reported for the efficient 

degradation of methanol, methyl orange and rhodamine B pollutants, respectively. These synthesized 

mesoporous catalysts outperformed the commercially available Degussa P25 and Hombicat UV-100 [64] 

photocatalyts in their photocatalytic activity. 

NTO nanowires obtained by the post-calcination of hydrothermally derived titanates were found to 

be more efficient than Degussa P25 in the degradation of humic acid [73] and Reactive Brilliant Blue 

X-BR [75]. These nanowires also caused less serious fouling than P25 in microfiltration membranes. 

In another study [74], NTO nanotubes obtained by the anodic oxidation of titanium metal plate were 

25–40% more efficient than the nanoparticle-based experimental system for the degradation of 

rhodamine B. Anatase submicrospheres consisting of NTO nanorods (20–30 nm in diameter) with 

thorn-like shells have been reported [76]. This morphology resulted in multiple reflections of the 

incident light, and the catalyst was found to be equally comparable with P25 in the degradation of 

methylene blue dye solution under UV irradiation. 

The agglomeration of NTO during its formation can reduce the dispersion of TiO2 in aqueous 

suspensions, contributing to decreased photocatalytic activity. The agglomeration of TiO2 can be 

minimized by changing the pH of the reaction mixture [78], adsorbing polyallylamine hydrochloride 

on the TiO2 surface [78], adopting a flame hydrolysis synthesis route [79], or ball milling of the TiO2 

powder [77]. All attempts were successful in reducing the agglomeration of NTO in aqueous 

suspensions, but the photocatalytic activities were found to depend not only on agglomeration but also 

on several other factors. Recently reported surface treatments include surface fluorination [81],  

high-energy electron beam treatment [82], modification with S-1-dodecyl-S'-(α,α'-dimethyl-α''-acetic 

acid) trithiocarbonate (DDAT) [83], and incorporation of a TiO2 microsphere layer [80]. During the 

photooxidation of catechol and phenol, an electrochemical surface-fluorinated NTO electrode could 

reduce electron-hole recombination and also displace the oxidizable organic compounds and poisoning 

species from the surface [81]. This resulted in the superior performance of the fluorinated TiO2 versus 

the bare TiO2 electrode. In the high-energy electron beam treatment of NTO, the carbon content on the 

TiO2 surface was increased by the burning of impurities already present on the catalyst [82]. This 

increased the hydrophilicity and the photocatalytic activity of the electron beam-treated TiO2 in the 

degradation of methylene blue dye. Modifying NTO with DDAT caused a red shift in the absorbance 

of the modified catalyst through a ligand-to-metal charge transfer transition, which enhanced its visible 

light activity towards the degradation of 2,4-dichlorophenol, when compared to the as-prepared TiO2 
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catalyst [83]. The formation of a TiO2 microsphere layer over a nanostructured TiO2 layer (deposited 

on Pyrex glass by spin coating) increased the contact area for methylene blue dye in aqueous solution, 

resulting in faster degradation kinetics [80]. 

4. Immobilization of TiO2 

Immobilization of TiO2 on various substrates is an important research area with its photocatalytic 

water treatment applications [84]. The primary aim of doing so is to avoid the post separation 

difficulties associated with the powder form of the TiO2 catalyst. However, there are several other 

advantages including higher surface area, superior adsorption properties [30,85,86], and increased 

surface hydroxyl groups or reduced charge recombination [87] are achievable in immobilized systems. 

Immobilization of TiO2 can be done on powder/pellet substrates [30,85,86], soft/thin  

materials [54,88–93] or on rigid/thick substrates. Some of the recent examples of powder/pellet 

substrates include activated carbon [85], vermiculite (magnesium-aluminium silicates) [86], and 

volcanic ash [30]. Sedimentation of these TiO2 immobilized systems could be easier than the TiO2 

catalyst alone systems, since they are heavier particles. TiO2 immobilized on soft/thin substrates, 

normally referred as TiO2 membrane or films, are applicable in ultra filtration and bacterial 

inactivation. Since they are immobilized with TiO2, they can act as self cleaning surfaces. Recent 

examples of this category include TiO2 immobilized on alumina (1.5 micron thick) [88–90], 

polyvinylidene difluoride [91], glass filter [92], cellulose fibres [93], and sponge [54]. Various 

immobilization techniques such as chemical vapour deposition [89,90], slip coating [88], dip coating [88], 

film casting [91], electrospinning [92,93] and dip-evaporation [54] has been employed to achieve the 

immobilization of TiO2 on soft/thin substrates. 

Immobilization of TiO2 on rigid substrates is mostly done on glass [31,33,87,94–98]. Main 

advantage with glass substrate is the transparency of the system even after the immobilization. This 

can allow the penetration of light which can result in improved photocatalysis. Dionysiou et al. [94] 

have reported a non-ionic surfactant (Tween20) templated self assembly pathway to immobilize TiO2 

on borosilicate glass by the dip coating technique. The use of surfactant resulted in a uniform and 

crack free TiO2 surface with partially ordered mesoporosity to the calcined borosilicate glass 

TiO2films. Addition of Degussa P25 to the surfactant containing TiO2 sol imparted a bimodal 

mesoporous structure to the catalyst immobilized system which improved the structural integrity of the 

films [95]. The use of a non-ionic fluoro surfactant (Zonyl FS-300) instead of Tween 20, and the 

addition of ethylene diamine into the TiO2 sol for dip coating; nitrogen and fluorine co-doped visible 

light active TiO2 coating on borosilicate glass was achieved (after calcination) [96]. Interestingly, the 

surface was found to be hydrophilic under both UV and visible (400-510 nm) light exposure while the 

undoped TiO2 surface was hydrophilic only under UV light [97]. They could also achieve sulfur doped 

visible light active (after calcination) TiO2 coating by adding sulfuric acid (sulfur precursor) and 

polyoxyethylene (80) sorbitan monooleate surfactant (as pore directing agent) into the TiO2 sol [98]. 

All these TiO2 immobilized borosilicate glass systems were successfully tested for the photocatalytic 

degradation of creatinine [94,95], microcystines [96,98–100], and cylindrospermopsin [100] under 

UV/visible light irradiation. 
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The role of surface defects in the TiO2 surface on the photocatalytic degradation mechanism is 

demonstrated by Zhuang et al [31]. They produced three TiO2 immobilized systems (with normal 

surface, surface defects and with interface defects) on quartz by either using dip coating techniques 

alone or using both dip coating and cold plasma treatment techniques. The normal TiO2 surface mainly 

promoted N-deethylation of rhodamine B (Rh B) dye while the TiO2 surface with defects was very 

efficient for cycloreversion of RhB. The TiO2 surface with interface defects showed both mechanisms 

and was found to be the best system for the Rh B dye degradation. 

5. Photocatalytic Reactors 

Reactor design is an intense focus for photocatalytic water treatment. Here, reviewed photocatalytic 

reactors can be divided in to two categories, i.e., (i) lab-scale reactors [74,101–111], where the volume 

of reactant solution is <1 L, and (ii) pilot plant-scale reactors [44,112–116], where the reactor volume 

is >5 L. Recent innovations in lab-scale reactors include the use of energy-efficient UV/visible light 

emitting diodes (LEDs) as light sources [101–105], the design of rotating disc-type reactor models [74,106], 

the fabrication of NTO-immobilized catalytic beds [107,108], and post-separation/reuse of NTO 

powder catalysts [109–111]. LEDs are light sources that need less energy and, therefore, LED-based 

photocatalytic reactors are more energy-efficient systems. The combination of UV-LEDs and NTO 

powder [101], NTO nanotubes [102], or immobilized NTO [103,104] has been reported for the 

degradation of various dyes such as methyl orange, methylene blue, rhodamine B, and malachite 

green. The UV-LED photoreactor developed by Nickels et al. [104] was equipped with a 

microcirculating fluid pump (to keep the reactant solution constantly mixed) and an in-stream sensor 

unit (Figure 3). The sensor unit, an assembly of a liquid flow cell with transparent windows, an LED 

lamp, and a photodiode monitor, enabled the real-time evaluation of the decrease in the concentration 

of methyl orange dye. Other attributes of the reactor, such as its light weight, low production cost, and 

flexibility, make this design ideal for both laboratory and field work applications, as claimed by the 

authors. Visible LEDs with carbon-nitrogen co-doped NTO achieved the visible light degradation of 

bisphenol [105]. The reactor consisted of four strips of visible LEDs, i.e., white, green, blue, and 

yellow, which covered the wavelength range of 450 to 600 nm. 

Rotating disc reactor design in NTO photocatalysis has several merits as first demonstrated by 

Dionysiou et al. [117,118]. A NTO-coated borosilicate rotating disc (diameter = 6 cm) was reported 

for the degradation of methyl orange dye [106]. The aqueous methyl orange solution film thickness on 

the disc was optimized by adjusting the flow rate of the reactant feed and the rotating speed of the disc. 

Zhang et al. designed a rotating disc reactor of TiO2 nanotubes by the anodization of a Ti metal plate [74]. 

Half of the disc was always immersed in the bulk solution of the reactant rhodamine B dye, whereas 

the other half was exposed to air. They observed a faster degradation rate for rhodamine B dye on the 

air-exposed disc surface than in the bulk of the solution. This TiO2 nanotube disc reactor was 20–25% 

more efficient than the TiO2 nanoparticle-coated disc system. 
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Figure 3. Schematic of the UV-LED-based photocatalytic reactor equipped with a real 

time in-stream sensor unit (Adapted with permission from [104]. Copyright (2012) 

American Chemical Society). 

 

Recently reported immobilized catalytic bed designs include a NTO-coated pebble bed 

photocatalytic reactor [107] and an ETS-10 (Engelhard titanosilicate structure 10)-coated optic fiber 

reactor [108]. The former consisted of a Perplex 
TM

 sheet onto which NTO-coated pebbles were affixed [107]. 

The arrangement of the pebbles was such that the pebbles in one row formed an equilateral triangle 

with the pebbles in the next row. Keeping the reactor in a horizontal position, textile dye solution (0.66 L) 

was degraded under sunlight irradiation. In the other example, the ETS-10-coated optic fiber reactor 

showed 4–5 times greater quantum efficiency than an ETS-10 slurry reactor in degrading methylene 

blue dye solution under UV light illumination [108]. The reactor consisted of optical fibers, uniformly 

coated with ETS-10, inserted in an acrylic cylinder. 

Post separation of NTO powder catalysts in slurry reactors is one of the major challenges in 

photocatalytic water treatment. Toward this end, Kim et al. [109] reported a reactor design in which 

the P25 powder catalyst could be separated from the treated water by a submerged microfiltration 

membrane. They used this reactor system in conjunction with reverse osmosis for the photocatalytic 

treatment of seawater samples. In another reactor design, Suryaman et al. [110] achieved the natural 

sedimentation of the P25 powder catalyst after phenol degradation in pipe water. Treated water 

overflowed from the separation tank, whereas the P25 catalyst settled at the bottom of the separation 

tank. The use of NTO pellets is another option to avoid post separation requirements in photocatalytic 

reactors. With a patented “drum reactor” design [111], McCullagh et al. reported the degradation of 

methylene blue dye solution by Hombikat TiO2 pellets. The reactor had three cylinders with paddles, 

which contained TiO2 pellets. Each cylinder was supplied with 36 W UV lamps and was connected to 

a 12 V motor to effect cylinder rotation. 

Recently reported pilot plant photocatalytic reactors have mainly utilized natural sunlight as a light 

source [44,112,113,115,116]. However, an UV light-based pilot plant reactor has also been reported [114]. 

The use of NTO in powder [44,112,114,116] or immobilized forms [113,115] has also been examined. 
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Table 2 depicts some recent examples of pilot plant photocatalytic reactors used for the degradation of 

various contaminants. 

Table 2. Examples of large-scale photocatalytic reactors.  

Reactor type Experimental 

condition 

Volume 

(L) 

 pollutant Ref. 

Compound parabolic 

collector pilot-plant 

0.2 g L
−1

/solar 22 & 

110 

Cork boiling and 

bleaching waste 

water 

[112] 

Concentric parabolic 

concentrator pilot-plant 

TiO2 coated paper 

(20 g m
−2

)/solar 

16.2 Humic substances [113] 

Membrane pilot system 0.05 g L
−1

/UV - 32 pharmaceuticals [114] 

Thin film fixed-bed 

reactor 

TiO2 on the 

reactor walls/solar 

- Yellow Cibacron 

FN-2R  

[115] 

Tubular continuous flow 

pilot-plant 

0.1 g L
−1

/solar 7 p-nitrophenol, 

naphthalene, 

dibenzothiophene 

[116] 

Compound parabolic 

collector pilot-plant 

0.5 g L
−1

/solar 6 Oxytetracyclin [44] 

6. Doping  

The band gaps (3–3.2 eV) of NTO semiconductors, which absorb from the UV region of the solar 

spectrum, are drawbacks in photocatalysis; only about 5% of sunlight comprises UV radiation. 

Modification of the band gap in NTO is, therefore, a well-studied research area. Modifications can be 

effected either in bulk or on the surface of TiO2 (Scheme 2). Surface modifications are usually 

achieved by anchoring colored inorganic semiconductors (for example, CdS and CdSe) [119] or 

organic dyes on the TiO2 surface [120], where they act as sensitizers. However, most of these 

sensitizers are susceptible to photocorrosion or degradation in aqueous solutions and are not suitable 

for photocatalytic water-treatment applications. Instead, they are good candidates for solar cell devices. 

On the other hand, bulk modification is mainly effected by doping metals or non-metals into bulk 

NTO. The modified catalysts appear to be photo-stable in aqueous solution and can be used in 

photocatalytic water purification. 

Scheme 2. Different methods of modification on NTO. 
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Figure 4. Creation of additional bands in NTO by doping.  

 

Doping NTO with metals and non-metals creates new energy levels between the VB and CB of TiO2 [121], 

which in turn reduces its band gap and helps the doped catalyst to absorb in the visible region (Figure 4). 

Recently, researchers have reported the successful doping of vanadium [122], iron [123], rhodium [50], 

palladium [124], and silver [125] metals, and carbon [105,126], nitrogen [51,96,105,121,124,127,128], 

sulfur [98,129], fluorine [96], and iodine [130] non-metals in NTO to achieve the visible light 

photocatalytic degradation of various chemicals and Escherichia coli in aqueous solution (Table 3). In 

all reports, except in silver doping, the visible light photocatalytic activity was mainly attributed to the 

associated red shift that originated from the creation of local bands between the VB and CB of NTO 

(Figure 4). Silver doping in P25 by a photoreduction method did not reduce the band gap of the doped 

catalyst, but superior photocatalytic degradation of oxalic acid was still observed, when compared to 

un-doped P25, under artificial sunlight [125]. This was explained by the formation of silver oxalate, 

which absorbed from the visible region and was subsequently degraded. 

Not all doping in NTO will exhibit positive effects, as reported in the cases of rhodium, carbon, and 

platinum doping. Rhodium doping afforded the highest activity for microcystin-LR degradation under 

visible light, followed by the carbon-doped catalyst [50]. In contrast, the platinum-doped NTO catalyst 

did not exhibit efficient visible light degradation because of the interference from chloride radicals 

generated by the homolytic cleavage of the platinum–chlorine bond in the platinum precursor. The 

synthetic route for the doped NTO catalyst also influences its activity. For example, hydrothermally 

derived vanadium-doped TiO2 showed higher activity than its sol-gel-derived counterpart in the 

degradation of an aqueous solution of isobutanol [122]. The addition of ammonium fluoride during 

hydrothermal treatment caused further enhancement in the activity of doped catalyst. The higher 

crystallinity resulting from the hydrothermal treatment and the hydrophobic surface formation by 

ammonium fluoride were responsible for these observations [122]. Heat treatment has a great influence 

in the characteristics and activity of doped NTO catalysts, especially in the case of nitrogen doping. 

Gohin et al. [128] observed a color change of anatase nanoparticles from slight yellow (at 500 °C) to 

darkish green (above 650 °C) at different nitridation temperatures using urea as a nitrogen source. The 

yellow color at 500 °C resulted from the formation of localized N 2p states above the VB of TiO2. 

However, the darkish green color change, observed above 650 °C, was due to the reduction of Ti
4+

 in 

anatase to Ti
3+

 by ammonia (from the decomposition of the urea precursor). These Ti
3+

 species were 

found to have detrimental effects on photocatalytic activity because they can act as recombination 

centers. The sample nitridated at 500 °C exhibited superior photocatalytic activity under visible light 
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irradiation. However, whether Ti
3+

 in doped NTO can reduce [130] or increase [98,128] the electron-hole 

pair recombination is still open to debate. The selection of pollutants is very important in visible  

light-induced photocatalytic degradation using doped NTO catalysts [125,129]. For example, when  

4-methoxyresorcinol, quinoline, and 1-(p-anisyl)neopentanol were subjected to visible light 

photocatalytic degradation with sulfur-doped TiO2 (sol-gel method), only 4-methoxyresorcinol (at pH = 8.5) 

was destroyed [129]. The reason was the formation of a charge transfer complex (which absorbed the 

visible light) between 4-methoxyresorcinol and the catalyst, whereas quinoline and 1-(p-anisyl)neopentanol 

cannot form such charge transfer complexes. This limits the use of the abovementioned sulfur-doped 

TiO2 catalyst in the degradation of compounds that cannot form charge transfer complexes. Other 

factors that influence the activity of the doped NTO catalyst include dopant concentration [124,126], 

the crystal phase of the NTO [127], and the intensity of light irradiance [105]. Doped NTO 

photocatalysts have also been reported for their photocatalytic activity with UV light irradiation in 

pollutant degradation [131,132], nitrate reduction, and in bacterial disinfection [133,134]. 

Even though doped NTO catalysts can operate in the visible region, several issues must be 

considered before their wide use in photocatalytic water treatment. The visible light photocatalytic 

activity in most of the bulk modified NTO is far lower than the activity of unmodified catalyst under 

UV irradiation [50,122,129]. In addition, NTO catalysts modified by metal/non-metal doping 

sometimes have poor activity under UV irradiation [50,122,129]. Here, the doped species could act as 

recombination centers. Leaching of the doped species is another problem [129], which is a serious 

concern, especially when the dopants are toxic metals. Furthermore, doping is never a guarantee of 

high photoreactivity in the doped NTO catalyst, since reactivity is a complex function of dopant 

concentration, distribution, energy levels in the TiO2 lattice, d-electron configuration, and light 

intensity [135]. The choice of doped TiO2 as a photocatalyst versus un-doped TiO2 only depends on 

whether the requirement of low efficiency visible light activity outweighs the higher performance of 

photocatalysis under UV light [129]. Sometimes, even the smaller fraction of UV radiation in solar 

light can degrade selected pollutants effectively with unmodified NTO (Figure 5) [45].  

7. Coupling with Other Treatment Technologies 

Combining NTO photocatalysis with other oxidation techniques was found to be very effective in 

pollutant destruction. These technologies include electrocatalysis [35,136–138], sonocatalysis/Fenton 

process [139], biodegradation [140–144], and wetland technology [145]. The combination of NTO 

photocatalysis with any of these techniques can not only improve the total efficiency of the 

degradation but also has the advantage of treating large quantities of wastewater (in real systems), 

especially with electrocatalysis, biodegradation, and wetland technology. Electrocoagulation (using an 

iron cathode/anode (12.50 cm × 2.50 cm × 0.10 cm) at a current density of 763 Am
−2

 for 90 min) of an 

effluent from pharmaceutical and cosmetic companies removed the majority of the suspended 

particles, followed by further purification using NTO photocatalysis [35].  
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Table 3. Recent examples of metal- and non-metal-doped NTO photocatalysis. 

Doped catalyst Synthesis route Pollutant Ref. 

Vanadium/TiO2 (λ > 430 nm) sol–gel and 

hydrothermal 

isobutanol [122] 

Iron/TiO2 (λ > 420 nm) co-thermal 

hydrolysis 

methyl orange [123] 

Rhodium/TiO2 (visible light) impregnation microcystin-LR [50] 

Silver/P25  

artificial solar light 

solar irradiation 

 

photoreduction 

electrospinning 

 

oxalic acid  

E. coli 

 

[125] 

[92] 

Sulfur/ TiO2 (495 nm filter) sol-gel 4-methoxyresorcinol, 

quinoline &1-(p anisyl) 

neopentanol 

[129] 

 

 

(λ > 420 nm) sol-gel, self-

assembly 

microcystin-LR [98] 

Nitrogen/P25 (λ > 420 nm) milling rhodamine B [127] 

Nitrogen/TiO2 

(λ = 390 & 470 nm) 
Solar and visible light 

 

sol-gel  

sol-gel 

 

rhodamine 6G 

microcystin-LR 

 

[128] 

[51] 

Carbon/TiO2 (Artificial solar light) high pressure 

heating 

methylene blue [126] 

Iodine/TiO2 (spectrum close to 

sunlight) 

hydrothermal phenol [130] 

Nitrogen-Palladium co-doped TiO2 

(visible light) 

sol-gel eosin yellow  [124] 

Carbon-nitrogen co-doped TiO2 (λ = 
465, 523 & 589 nm) 

solvothermal bisphenol A [105] 

Fluorine-nitrogen co-doped TiO2 

(λ > 420 nm) 
sol-gel microcystin-LR [96] 

The effluent had an initial chemical oxygen demand (COD) value of 1753 mg L
−1

, which was 

reduced to 160 mg L
−1

 and 50 mg L
−1

 after electrocoagulation and electrocoagulation/photocatalysis, 

respectively. Here, the electrocoagulation pre-treatment removed the suspended particles, and thus, the 

turbidity in the effluent. Thereby, the working load of the TiO2 catalyst was reduced and the 

transparency of the medium was increased, such that UV radiation could pass through easily. In an 

another study, the synergic effect of TiO2 photocatalysis and boron-doped diamond (BDD) anodic 

oxidation improved the total organic carbon (TOC) reduction in the degradation of X-3B dye in an 

experimental set up, as shown in Figure 6a [136]. Figure 6b represents the efficiency (as a function of 

time) of different reaction systems employed in the decolorization of X-3B dye, in which the systems 

using TiO2 photocatalysis and BDD anodic oxidation showed the highest activities. The removal of 

bromate by reduction to bromide [137] and the degradation of chlortetracycline [138] in high 

efficiencies were also achieved by photoelectrocatalysis using Ti/TiO2 as the photocathode and 

photoanode, respectively. Another example for the synergic effect of different AOPs is the combined 

ultrasound-, Fenton-, and TiO2-photoassisted mineralization of bisphenol A [139]. By this combined 
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approach, 93% dissolved organic carbon (DOC) removal was achieved, whereas DOC removals by the 

individual processes were 5, 6, and 22% for TiO2 photocatalysis, ultrasound, and photo-Fenton, 

respectively [139]. Here, ultrasound eliminated the initial substrate and provided H2O2 for the 

photocatalytic reactions. TiO2 photocatalysis and photo- Fenton treatments were mainly responsible 

for the total mineralization of the intermediates generated by the ultrasound technique. 

Figure 5. Photocatalytic degradation of microcystin-LR under (a) solar light irradiation and (b) 

visible light (440–460 nm), in the presence of commercial (P25 and Kronos), reference  

(Ref-TiO2), and nitrogen-doped (N-TiO2) TiO2 materials. (Reprinted from [51]. Copyright 

(2012), with permission from Elsevier). 

 

 

 

Biological oxidation is one of the oldest techniques for water treatment. The combination of 

biological oxidation followed by NTO photocatalysis was employed (Figure 7a) for the mineralization 
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of a mixture containing 2-chlorophenol, 2,4-dichlorophenol, 2,4,5-trichlorophenol, and pentachlorophenol 

in tap water (total concentration was 100 mg L
−1

, each component was 25 mg L
−1

) [140]. The order of the 

treatments was very important, as the combined biological–photocatalytic treatment removed 

chlorophenols at a rate of 25.8 mg h
−1

, whereas, for the combined photocatalytic–biological treatment, 

the removal rate was only 10.5 mg h
−1

. Similar observations were reported for the degradation of dyes [141], 

cyproconazole [142], and a tetracycline/tylosin mixture [143], in which the TiO2 photocatalytic  

pre-treatment eradicated the activity of biological oxidation. In this case, some of the intermediates 

generated during photocatalysis were not biodegradable. In contrast to the above observations, Chen et 

al. reported the feasibility of using NTO photocatalysis as a pre-treatment followed by the use of a 

constructed wetland [145]. In their experiment (Figure 7b), they initially treated domestic and 

agricultural wastewaters (COD was 36.2 ± 7.4) by TiO2 (coated on α-alumina) photocatalysis before 

transfer to a bench-scale wetland system. With a hydraulic retention time of 2 days, they reduced the 

levels of halomethanes and haloacetic acids below the maximum allowed contamination thresholds for 

drinking water. The intermediates generated by the photocatalytic treatment were biodegradable, 

which made the wetland treatment fruitful. However, they did not attempt the wetland pre-treatment 

followed by NTO photocatalysis. From these contrasting observations, we think that the order of 

treatment is crucial, and varies according to the nature of the contaminants. 

Figure 6. (a) Schematic of the anodic oxidation- and photocatalysis-coupled reactor and 

(b) comparison of degradation performance in different experimental systems [136].  
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Figure 6. Cont. 

 

Figure 7. Schematic of the coupling of (a) biological [140] and (b) wetland treatment 

technologies [145] with photocatalysis.  
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Figure 7. Cont. 

 

8. Conclusions and Future Prospects 

Photocatalytic water treatment by NTO is a hot topic of environmental research and a versatile 

technique for pollutant degradation. Having a long history of active investigation since the 1970s, 

photocatalytic water treatment by NTO still retains its importance in contemporary research. This is 

because of the unique properties of TiO2, its ability to completely mineralize a wide spectrum of 

pollutants, its cheap operating costs, and simple experimental design. By reviewing recent 

developments in this area, the authors have arrived at the following conclusions.  

 A large number of individual compounds have been successfully tested for photocatalytic 

degradation by NTO, and researchers are now more focused on real systems, which is 

promising for the commercialization of the technology. Selective photocatalysis by NTO is a 

potential research area where researchers can find several opportunities. 

 Photocatalytic degradation of pollutants by NTO is mainly triggered by ·OH radicals, along 

with the direct oxidation of adsorbed pollutants by surface-generated holes; however, the latter 

is a minor secondary degradation pathway. The kinetics of photocatalytic degradation by NTO 

was found to depend on catalyst loading, the extent of adsorption, and light intensity. However, 

several reports claim that it follows L-H reaction kinetics, especially below catalyst saturation. 

This is an area where more studies must be conducted in order to clarify the ambiguities in 

photocatalytic degradation kinetics. 

 Different NTO morphologies have been synthesized and found to be effective for the 

photocatalytic degradation of various compounds. Surface treatment of NTO is another option 

for increasing catalytic activity. 
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 The design of photocatalytic reactors is a key area where intense research is in progress. An 

ideal photocatalytic reactor should be simple, energy efficient, less expensive to build and 

operate, and able to handle high wastewater volumes. Reactors operating with solar radiation or 

LEDs and reactor designs that do not require post separation of the catalyst hold great promise. 

 Doping NTO with metals and non-metals was investigated to achieve absorption from the 

visible region by reducing the band gap of the doped catalyst. However, the practicability of 

applying doped NTO catalysts in photocatalytic water treatment needs reconsideration because 

of the low catalytic activity of the doped NTO catalysts under visible light and because of the 

possibility of dopant leaching. 

 NTO photocatalysis in conjunction with other treatment technologies was explored by several 

groups. Coupling NTO photocatalysis with other technologies has great potential in large-scale 

water treatment, and further research is necessary. 
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